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Irradiation Stimulation for Different Water Saturation Conditions 2 
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 7 
ABSTRACT: Coalbed methane (CBM) reservoirs generally have very low permeability and requires 8 
stimulation to make gas extraction economical. Hydraulic fracturing has been widely applied to enhance 9 
CBM productivity, but this technology has a number of key limitations, including fractures only propagate 10 
along existing joints, large amount of water usage, and potential environmental impact. Microwave 11 
irradiation technology can likely overcome the above limitations. In this study, the effect of microwave 12 
irradiation on the petrophysical properties of an unconstrained bituminous coal was comprehensively 13 
investigated through a suite of integrated diagnostic techniques including Nuclear Magnetic Resonance and 14 
X-ray Computed Tomography. A series of experiments were conducted both on centrifuged samples and on 15 
samples with different water contents ranging from 1 to 15%. The mineral removal and moisture 16 
evaporation due to the microwave selective heating lead to the enlargement, opening, and interconnection 17 
of coal pores. The NMR-determined porosity increases linearly with the microwave power while grows 18 
exponentially with respect to water contents. When the water content is above 6%, the porosity increases 19 
by around 98~211%. The fracture volume and coal permeability increase while the P-wave velocity 20 
decreases with increasing water contents. Microwave irradiation is effective in enlarging mesopores and 21 
macropores and in enhancing the pore connectivity. The significant enhancement of coal permeability and 22 
pore fracture structure indicates that the microwave irradiation is effective in improving gas productivity 23 
thus has the potential to become a new CBM reservoir simulation technology. 24 
 25 
KEYWORDS: Reservoir stimulation; Microwave irradiation; Nuclear Magnetic Resonance; Coal permeability; 26 
Water content  27 
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1. INTRODUCTION 1 
Coalbed methane (CBM) is a safety hazard as well as an energy resource to coal mining industry.1, 2 On 2 
the one hand, it permeates most coalbeds, rendering a danger of gas explosion and outbursts.3, 4 Also, 3 
methane’s “greenhouse gas” potential is much greater than CO2, so its release during coal mining and 4 
processing is a concern.5, 6 Furthermore, the release of CBM in the openings can significantly increase the 5 
ventilation expense. On the other hand, CBM can be used to generate electricity, either at mine sites or can 6 
be piped to commercial utilities.7, 8 Therefore, CBM recovery before coal extraction is desirable.9 7 
Coal has a dual-porosity system: cleats are the main gas flow path and matrices are the main location 8 
for CBM storage.9, 10 Coal matrices generally have low permeability, and gas flow is primarily through 9 
diffusion from matrix surface to cleats. To make CBM extraction economical, it often requires an extra 10 
stimulation process. Many stimulation methods have been developed, such as hydro-fracturing, -flushing, 11 
and -slotting, CO2-ECBM, electrochemical modification, and super-cooling etc.
10-14 However, these methods 12 
meet associated environmental and economic challenges. After invading into the coalbed, the water cannot 13 
be completely discharged because of the capillary pressure.15, 16 As a result, the desorption, diffusion, and 14 
permeation of gas in the pores and fractures are hindered.17 Therefore, alternative stimulation approaches 15 
are desirable to remove the water for CBM production. 16 
Microwave lies between the far-infrared wave and the ultra-short wave within the space 17 
electromagnetic spectrum, corresponding to frequencies from 0.3 to 300 GHz.18 In recent a few decades, 18 
microwave irradiation has gained widespread popularity in industrial, scientific, and medical applications 19 
for processing, drying, and heating.19-22 Microwave heating has been applied for improved coal grindability, 20 
rapid coal coking, and enhanced coal cleaning.23-27 In conventional heating, heat penetrates materials from 21 
outside inwards, while microwaves heat materials volumetrically, thus minimizing heat loss and improving 22 
efficiency.28, 29 Another advantage of microwave heating is that it can selectively heat certain phases in a 23 
mixture more rapidly than others.30 The microwave-material interaction depends on the dielectric property 24 
of the material.31 Polar molecules (e.g. moisture and pyrite) have higher dielectric permittivities compared 25 
to the organic matter in the coal.32, 33 Therefore, when coal is microwave treated, localized, and rapid 26 
superheating occurs,34 which might affect the petrophysical properties of coal. 27 
Liu et al.35 presented the pore structure and fractal analysis of Ximeng lignite before and after 28 
microwave irradiation without external stress. The results showed that as the microwave power level and 29 
irradiation time increase, the specific surface area of coal decreases, whereas the pore diameter and pore 30 
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volume increase. Kumar et al.36 used high-energy microwaves to irradiate an isotopically stressed and an 1 
unstressed bituminous coal core. They found that after microwave treatment, the aperture of the existing 2 
fractures increases and, at the same time, new fractures are created. However, few studies have 3 
investigated the effects of microwave power and water content (which contributes greatly to the dielectric 4 
property) on the petrophysical properties of coal, such as porosity, fracture network, and permeability. This 5 
aspect is critical in optimizing the implementation of this stimulation method.  6 
In this work, an experimental investigation is conducted to study the effect of microwave irradiation 7 
on the petrophysical properties of coal under different saturation conditions. A suite of integrated 8 
diagnostic techniques including Nuclear Magnetic Resonance (NMR) and X-ray Computed Tomography 9 
(X-ray CT) are employed to monitor the dynamic response of coal properties to microwave irradiation 10 
stimulation. After that, the pore structure, porosity, and permeability of centrifuged and water-saturated 11 
coals before and after microwave irradiation are evaluated in detail. In the end, the effects of microwave 12 
power and water content on microwave fracturing and pore modification are discussed. 13 
2. MECHANISM OF MICROWAVE HEATING 14 
Microwaves are not heat, but rather, are energy that manifest as heat through the interaction with 15 
materials.21 Electromagnetic heating is realized by ionic conduction, electronic, atomic, dipole, and 16 
Maxwell–Wagner polarization mechanisms.29 At microwave frequencies, dipole polarization is regarded as 17 
the most important mechanism for energy transfer.28 When polar molecules containing dipoles are exposed 18 
to microwave irradiation, the dipoles will attempt to align with the electromagnetic field.32 Since the 19 
electromagnetic field is oscillating, the dipoles have to realign constantly to follow this movement (Figure 20 
1). This continual reorientation of the molecules results in friction and consequently heat loss. 21 
 22 
Figure 1. Realignment of polar molecules in an electromagnetic field (modified by Marland et al.23). 23 
In general, microwaves are either transmitted, reflected or absorbed by a material depending on the 24 
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dielectric property (Figure 2). The dielectric property of a material is subsumed in the complex permittivity 1  in the form:33 2 
  =  − "  (1)
where the real part  reflects the capacity of the material to store electromagnetic energy, and the 3 
imaginary part " represents the dissipation of the stored energy into heat. 4 
 5 
Figure 2. Behavior of a material within a microwave field. 6 
When irradiating a material with heterogeneous dielectric properties, microwaves can selectively heat 7 
the adsorbing phase while passing through the transparent phase.37 It is demonstrated that the organic 8 
components of coal presents low dielectric permittivity, and is essentially transparent to microwaves. On 9 
the contrary, the polar molecules (i.e. moisture and some minerals including pyrite) have higher 10 
permittivity (e.g. the ε’’ of water reaches 78.54 at 25℃) and can be heated by the microwave.38 11 
3. EXPERIMENTAL METHODS 12 
3.1. Sample Preparation and Characterization.  13 
The coal samples for this investigation were collected from the Shenmu Coalfield, China. Each 14 
lump-sized coal was drilled along the bedding direction, and then divided into two parts: cylinder cores (50 15 
mm in diameter and 60 mm in length) and cuttings. Thirty cores were prepared for microwave irradiation, 16 
and the cuttings were used to analyze the raw coal properties (as listed in Table 1). 17 
Table 1. Raw Coal Properties. 18 
Coal rank Ro,max 
(%) 
Proximate analysis (wt, %) Coal maceral composition (%) ɸT  
(%) 
ɸP  
(%) 
kN  
(mD) 
Pv 
(km/s) Mad Ad Vdaf FCad V I L M 
(a) Microwave transparency
(b) Microwave reflectance
(c) Microwave absorption
Microwaves
Wave attenuation
Wave propagation
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Bituminous 1.45 2.56 12.10 32.75 52.59 65.89 31.51 — 2.60 0.48 0.13 0.046 1.93 
Notes: Mad, moisture, air-drying basis; Aad, ash yield, air-drying basis; Vdaf, volatile matter dry ash-free basis; FCad, fixed carbon content, 1 
air-drying basis. V, Vitrinite; I, Inertinite; L, Liptinite; M, Mineral; ɸT, NMR-determined total porosity; ɸP, NMR-determined producible porosity; 2 
kN, NMR-determined permeability; Pv, P-wave velocity. 3 
3.2. Experimental Procedure.  4 
The experimental procedure is illustrated in Figure 3 where the green arrows designate the 5 
experiment sequence and the red arrows indicate the measurement sequence. In a single experiment, the 6 
centrifuged coal was first saturated to reach a certain water content and then microwave irradiated for 30 7 
seconds at different power levels. The water content (, %) of each sample was achieved by using a 8 
gravimetric method: 9 
  = 	
 − 		  100% (2)
where 	 is the initial weight of the centrifuged coal, and 	
 is the final weight of the saturated coal. 10 
The NMR signals, X-ray CT images, and P-wave velocities of the samples were captured before and 11 
after microwave irradiation to evaluate the effect of microwave on the evolution of coal petrophysical 12 
properties. These measurements are nondestructive to the samples. Prior to NMR measurement, the 13 
sample was vacuumed for 8 hours and then saturated in distilled water for another 8 hours to reach a fully 14 
water-saturated condition (Sw). The NMR T2 spectrum of the sample was first measured at Sw. After that, 15 
the same sample was centrifuged until reaching an irreducible water condition (Sir) and the T2 spectrum 16 
measurement was repeated (the centrifuging pressure and time are 1.4 MPa and 1.5 h, respectively).  17 
  18 
Figure 3. Experimental procedure and the corresponding apparatuses. 19 
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3.3. Microwave Irradiation System.  1 
Microwave irradiation was performed via a microwave reaction workstation (WLD10S; Nanjing Sanle 2 
Microwave Technology Development Co., LTD, China) with adjustable powers at 2.45 GHz, as shown in 3 
Figure 4. The workstation consists of a microwave generator, a waveguide, a multimode cavity, and a 4 
console. The microwave generator has five power settings (i.e., 2 kW, 4 kW, 6 kW, 8 kW, and 10 kW). During 5 
the experiments, high-purity nitrogen (99.99%) was pumped in the cavity at a velocity of 1 L/min to create 6 
an inert atmosphere as well as release the generated vapors. 7 
 8 
Figure 4. Microwave irradiation system. 9 
3.4. NMR Measurements.  10 
In the magnetic field, the hydrogen atoms present within the fluid can be detected by the transversal 11 
relaxation time (T2), thus the pore properties can be analyzed.
39-41 T2 can be expressed as:
42 
12 
 1
 =    =  (3)
where  is a constant representing the transverse relaxation strength,  is the pore surface,  is the 13 
pore volume,  is the pore radius, and  is a pore shape factor. 14 
It can be seen from eq (3) that larger pores have longer T2, and the higher the T2 spectrum, the more 15 
the pores. In addition, continuity between T2 spectrum peaks represents the pore connectivity.
43, 44 For 16 
coals, T2<10 ms corresponds to micropores, 10 ms<T2<10~100 ms corresponds to mesopores, and T2>100 17 
ms corresponds to macropores.45 The NMR measurements were conducted using a Meso MR23-060H-I 18 
NMR spectrometer manufactured by Suzhou Niumag Analytical Instrument Corporation (see Figure 3a). 19 
After each measurement, the T2 spectrum was computed by the simultaneous iterative reconstruction with 20 
one million iterations. 21 
The NMR-determined total porosity (ɸT) is defined as the pore volume fraction occupied by bound 22 
and free water. It includes the producible porosity (ɸP) corresponding to connective pores and the 23 
irreducible porosity (ɸI) corresponding to closed pores.
46 The producible porosity contributes greatly to gas 24 
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permeability, and thus is an important parameter for evaluating CBM reservoir. 1 
To calculate the porosity, a CuSO4 solution was prepared to establish the standard equation (the 2 
relationship between the porosity and the fluid volume):47 3 
  =   100% = 6 + 925010000  100% (4)
where  and  are the fluid volume and the sample volume, respectively, cm3; and  is the integral 4 
area of the spectrum, which can be calculated by: 5 
  =   ! " (5)
where A is the spectrum amplitude at Ti. 6 
The ɸP and ɸI can be determined by comparing the T2 spectrum at Sw with that at Sir for the same 7 
sample:38 8 
 # = $$%&$% + $$%  ;  ( = &$%&$% + $$%    (6)
where $$% and &$% are defined as the free and bound fluid index, respectively. To obtain these values, 9 
T2 distribution measurements at Sw and Sir were performed. Then the incremental T2 spectra were 10 
transformed into accumulative ones, as shown in Figure 5. The accumulative amplitudes at Sw and Sir are 11 
formatted to be equal to BFI+FFI and BFI, respectively.38 12 
According to Eq. (6), the porosity of different pore types can be expressed as: 13 
 # =    #;  ( =    ( (7)
where i= 1,2,3 refer to macropores, mesopores, and micropores, and   denotes the integral area of the 14 
spectrum corresponding to different pore types, which can be expressed as: 15 
  =   !++ "; 
 =   !+++ "; , =   !++++++ " (8)
where , 
, and , are the integral area of the spectrum of macropores, mesopores, and micropores, 16 
respectively. 17 
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   1 
Figure 5. NMR measurements at Sw and Sir showing the method to calculate FFI and BFI.
38, 44 2 
Permeability is the ability of coal to transport fluid and thus is a key property in evaluating reservoir 3 
productivity. Although coal permeability cannot be directly measured by NMR, it can be estimated based 4 
on the pore size distribution and connectivity through T2 spectrum.
48 Currently, three models are widely 5 
accepted for NMR-determined permeability calculation: the PP model, the Coates model, and the SDR 6 
model.49 Neither the PP model nor the Coates model is accurate for low permeable reservoir like coal.50 7 
Thus, the SDR model is applied in this paper: 8 
 -. = 0.0224  1
23 4.5,6  1
27 4+.8
 (9)
where -.  is the NMR-determined permeability, mD; 
23  and 
27  are the 
 geometric means at Sw 9 
and Sir, respectively, which can be calculated by: 10 
 
2 = 9:; < =  
>?@A
>B CD
 !E (4)
where 
F is the transversal relaxation time at which the spectrum begins; 
  is the individual value of 11 
; 
G3H is the maximum value of 
;   is the amplitude at 
 ; and  is the total amplitude of the 12 
spectrum.  13 
3.5. X-ray Computed Tomography. 14 
An industrial X-ray computed tomography scanner (Diondo d5 manufactured by ND Inspection & 15 
Control Solution) was used to detect the internal fractures of coal (see Figure 3b). Image preparation and 16 
analysis were performed with the Avizo and the Image Processing Toolkit softwares.51 After passing 17 
through the sample, the of X-ray signal can be attenuated by scattering and absorption. The attenuation 18 
(represented by the CT number) is proportional to the atomic number or the density of the sample.52 19 
Fractures, minerals, and the organic matter in coal samples can be distinguished by CT numbers due to the 20 
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density difference.53-55 In addition, the fracture features (i.e. aperture, surface area, and volume) can be 1 
obtained by the Avizo software. 2 
3.6. Acoustic Measurements.  3 
Acoustic measurement is a useful method to describe rock structure and texture.56 The measurements 4 
were conducted outside the microwave cavity using a HS-YS4 ultrasonic analyzer (see Figure 3c), which 5 
consists of a pulse generator, piezo-electric transducers, a signal conditioner, and a computer. The 6 
transducers (transmitter and receiver) were coupled to the coal sample via Vaseline. Signals from the pulse 7 
generator was transmitted to the sample at one end via the transmitter, picked up by the receiver attached 8 
to another end of the sample, then digitized and saved on the computer for processing. The P-wave 9 
velocity can be determined by eq (11).57 10 
 # = I∆K (11)
where # is the P-wave velocity, I is the length of the sample, and ∆K is the transit time of the pulse. 11 
4. RESULTS AND ANALYSIS 12 
4.1. Evolution of Petrophysical Properties of the Centrifuged Coals.  13 
It is commonly accepted that water exists in coal can be divided into free water and bound water.58 14 
The centrifuging experiment expels the free water within connective pores based on the Washburn 15 
equation:50 16 
 L = 0.14ML  (12)
where ML  is the centrifuging pressure, MPa; and L is the minimum pore radius for water to discharge at 17 
the pressure ML, μm. 18 
According to eq (12), the centrifuging pressure of 1.4 MPa used in our experiments corresponds to a 19 
pore radius of 0.1 μm. This means that the water in the centrifuged coal including not only the bound 20 
water but also the free water left in the connective pores<0.1 μm. 21 
The coal reservoir has multifaceted and hierarchical characteristics influenced by heterogeneity of the 22 
coal structures (Figure 6). That is, the coal is a network of pore and fracture systems.59 The syngenetic 23 
fractures are termed cleat and classified into face cleat, butt cleat, master cleat, primary cleat, secondary 24 
cleat, and tertiary cleat (i.e. micro-fracture). Pores can be classified into micropores, mesopores, and 25 
macropores according to IUPAC.60 26 
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 1 
Figure 6. Pore and fracture systems of coal (modified from Flores61). 2 
4.1.1. NMR T2 Distribution. 3 
The T2 characteristics include the number, position, and size of T2 spectrum peaks, which can be used 4 
to analyze coal pore distribution. Figure 7 illustrates the variations in T2 spectra of the centrifuged coals 5 
with different microwave powers for Sir and Sw cases. The T2 spectrum of the raw coal consists of three 6 
separated peaks (i.e. P1, P2, and P3), indicating large number of micropores and mesopores and small 7 
number of macropores. Compared to the T2 spectrum at Sw, P1 at Sir remains unchanged, P2 at Sir lowers, 8 
and P3 at Sir disappears. This is a strong indication that micropores are always closed, while some 9 
mesopores as well as all macropores are inter-connected. The free fluids mainly migrate in macropores. 10 
11 
12 
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1 
2 
 3 
Figure 7. Variations in T2 spectra of the centrifuged coals with different microwave powers. 4 
After the coal has been microwave irradiated at 2 kW for 30 s, the location of P1 at Sw and Sir moves 5 
towards a longer transverse relaxation time corresponding to a larger pore size, which implies that 6 
microwave irradiation enlarges the micropores. When the microwave power increases to 4 kW, P1 moves to 7 
the lower right, and the amplitude between P1 and P2 increases. This indicates that adjacent micropores are 8 
interconnected and integrated together to form larger pores. As the microwave power continually increases, 9 
P1 lowers significantly, while P2 and P3 raise successively. This suggests that micropores are opened, and 10 
larger pores are formed. As discussed, all pores can be measured from a 100% saturated T2 spectrum, but 11 
only closed pores and connective pores <0.1 μm can be measured from an irreducible water-saturated T2 12 
spectrum. When the microwave power reaches 10 kW, the T2 spectrum of the irradiated coal at Sir 13 
decreases significantly, while that at Sw still increases. This could be attributed to the fact that a 14 
considerable number of closed pores are opened and connected to the microfractures. 15 
When the coal sample was irradiated under low microwave powers, the introduced water in the blind 16 
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or closed pores were first heated and then detached. On the one hand, the micropores collapsed because 1 
of the shrinkage forces caused by the moisture removal. On the other hand, the moisture was evaporated 2 
and expelled and, as a result, the jet flow pressure would open and link the pore structures.36 Furthermore, 3 
the minerals such as pyrite in coal can be selectively heated and oxidized into pyrrhotite, which could be 4 
removed by the super-heated steam.29 As the power increases, the moisture evaporation and mineral 5 
removal accelerate, resulting in intensive pore enlargement, opening, and interconnection. 6 
4.1.2. Porosity, Permeability and P-wave Velocity. 7 
Variations in the total porosity, irreducible porosity, and producible porosity with progressive 8 
microwave irradiation are illustrated in Figure 8. When the microwave power is lower than 6 kW, the 9 
porosity remains constant even though both the pore size and the pore number increase. With a further 10 
increase in the power, the total and producible porosity begin to show increasing trends, while the 11 
irreducible porosity has a decreasing trend. The producible porosity exceeds the irreducible porosity at 10 12 
kW although it is initial lower. These reveal that microwave irradiation can facilitate the opening and 13 
connection of pores, which permits the coal reservoir to flow fluids to the drainage boreholes. As the 14 
microwave power increases, the porosity of micropores (especially the closed pores) reduces, while that of 15 
mesopores and macropores (especially the connective pores) increases.  16 
 17 
Figure 8. Variations in the porosity, permeability, and P-wave velocity of the centrifuged coals with 18 
microwave irradiation. 19 
Figure 8 reveals that the determined porosity and permeability have increased by about 17 and 428% 20 
following the increase of the microwave power. Wang et al.62 reported that the presence of water can 21 
reduce the coal permeability by up to two orders of magnitude. Microwave irradiation can also be regarded 22 
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as a dewatering process, which contributes to coal permeability enhancement.  1 
It has been reported that the acoustic wave of a coal is closely related to the existence of pores and 2 
fractures.56, 63 The existence of fractures would increase the energy attenuation of the acoustic wave and 3 
hence reduce the P-wave velocity.64 In addition, the P-wave velocity has a decreasing trend with increasing 4 
angle between P-wave and fracture.62 These could provide reference for the further study of fracture 5 
predicting. 6 
Surface fracture sketches obtained from digital camera and the corresponding P-wave velocities 7 
monitored through the ultrasonic analyzer are shown in Figure 9. When the microwave power is lower than 8 
4 kW, no fractures can be observed across the coal surface. As the microwave power reaches 4 kW, the 9 
P-wave velocity decreases from 1.93 km/s to 1.88 km/s because a fracture is generated from the top of the 10 
coal sample, propagating almost perpendicular to the face cleats. With a further increase in the power, the 11 
existing fractures in the coal cores start to propagate along the weak-lithotype banding, and new fractures 12 
gradually grow parallel to the face cleats, and thus the P-wave velocity decreases significantly. 13 
 14 
Figure 9. Evolutions of the surface fracture system and the corresponding P-wave velocities of the 15 
centrifuged coals with microwave irradiation. 16 
4.2. Evolution of Petrophysical Properties of the Water-saturated Coals. 17 
4.2.1. NMR T2 Distribution.  18 
Figure 10 shows variations in T2 spectra at Sw of the centrifuged and water-saturated coals with 19 
microwave irradiation (black lines indicate the raw coals while colored lines indicate the irradiated coals). 20 
The microwave power produces the same effect on the centrifuged and water-saturated coals. As the 21 
microwave power increases, the locations of the T2 peaks move towards longer transverse relaxation time 22 
corresponding to larger pore sizes, meaning that the pores are enlarged. In addition, the amplitude of P1 23 
decreases while those of P2 and P3 increase, demonstrating that the pores are integrated. Furthermore, the 24 
trough between peaks is generally enlarged, indicating that the pores are interconnected. When the 25 
microwave power keeps constant, the spectra amplitudes increase with increasing water contents. 26 
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Take P= 2 kW case for instance, when the water content is 1% (Figure 10b), the T2 spectrum remains 1 
almost unchanged. This could be attributed to the water existing only or primarily in super-macropores or 2 
microfractures, having not penetrated into the macropores or smaller pores that can be shown in this T2 3 
spectrum distribution. Therefore, the irradiated water has little or no effect on the pore modification. 4 
Inevitably, surface or sub-surface pores could be occupied by water, which leads to the slight increase in the 5 
pore number under microwave irradiation of higher powers (P≥4 kW). When the water content reaches 3% 6 
(Figure 10c), the water almost fills the fractures and penetrate deeper into the internal macropores. The 7 
microwave irradiates the water in macropores, resulting in pore enlargement and the corresponding 8 
increase in P3. The macropore enlargement continues until a water content of 6% is reached (Figure 10d). 9 
With further water penetration into mesopores, the pore size and number start to increase. The amplitude 10 
of P2 exceeds that of P1 after the microwave power has reached 6 kW, which means that the mesopores 11 
predominate. When the water content reaches 10% (Figure 10e), the amplitudes of peaks increase except 12 
P3. This could be due to the fact that the macropores have been saturated with water while the micropores 13 
and mesopores are incompletely occupied. When the water content reaches 15% (Figure 10f), P1 still 14 
enlarges while P2 and P3 cease to enlarge, indicating that all the mesopores and macropores have been 15 
completely saturated. Additionally, the isolated peaks of P2 and P3 gradually merge together and, as a result, 16 
the skewed trimodal T2 distributions have been transformed into bimodal ones, demonstrating an 17 
improvement in the pore connectivity. 18 
  19 
0
500
1000
1500
0
500
1000
1500
0
500
1000
1500
0
500
1000
1500
0.01 0.1 1 10 100 1000 10000
0
500
1000
1500
 
A
m
p
lit
u
d
e
 (
n
o
rm
a
liz
e
d
)
 
T
2
(ms)
P=2kw
P=4kw
P=6kw
P=8kw
P=10kw
(a) Centrifuged coal
Micropore Macropore
Raw coal
Raw coal
Raw coal
Raw coal
Raw coal
Mesopore
0
500
1000
1500
0
500
1000
1500
0
500
1000
1500
0
500
1000
1500
0.01 0.1 1 10 100 1000 10000
0
500
1000
1500
A
m
p
lit
u
d
e
 (
n
o
rm
a
liz
e
d
)
T
2
(ms)
P=2kw
P=4kw
P=6kw
P=8kw
P=10kw
(b) 1% Saturated coal
Micropore Macropore
Raw coal
Raw coal
Raw coal
Raw coal
Raw coal
Mesopore
0
500
1000
1500
0
500
1000
1500
0
500
1000
1500
0
500
1000
1500
0.01 0.1 1 10 100 1000 10000
0
500
1000
1500
A
m
p
lit
u
d
e
 (
n
o
rm
a
liz
e
d
)
T
2
(ms)
P=2kw
P=4kw
P=6kw
P=8kw
P=10kw
(c) 3% Saturated coal
Micropore Macropore
Raw coal
Raw coal
Raw coal
Raw coal
Raw coal
Mesopore
Page 14 of 26
ACS Paragon Plus Environment
Energy & Fuels
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 15 
 
   1 
Figure 10. Variations in T2 spectra of the water-saturated coals with microwave irradiation. 2 
4.2.2. Porosity, Permeability and P-wave Velocity.  3 
Mineral removal, moisture evaporation, and macromolecular decomposition caused by microwave 4 
irradiation have profound impact on the pore structure and thus affect the coal porosity.32 Figure 11 5 
illustrates variations in the total porosity and producible porosity of the water-saturated coals with 6 
progressive microwave irradiation. The two kinds of porosity show the same trend because the bound 7 
water in the samples occupies a small proportion. The total porosity and producible porosity of the raw 8 
coal are 0.48% and 0.13%, respectively, increasing linearly with the microwave power while grows 9 
exponentially with respect to the water content. When the water content increases from 0% to 3%, the 10 
porosity increases steadily by approximately 17~46% from its original value. The variation trend of porosity 11 
is different with respect to the pore size. Both the mesopores and macropores increase while the 12 
micropores decrease. When the water content is above 6%, the porosity increases rapidly by about 98~211% 13 
from its original value. The micropores increase at a flatter rate, while the mesopores and macropores 14 
show accelerating growth, and the porosity of the mesopores has the largest increment. This is a strong 15 
indication that the increase in the water content in the coal to be irradiated affects the pore distribution by 16 
enlarging the proportion of mesopores and macropores and pore interconnection. 17 
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   1 
Figure 11. Variations in the porosity of the water-saturated coals with microwave irradiation. 2 
Variations in the permeability and the P-wave velocity of the water-saturated coals with microwave 3 
irradiation are depicted in Figures. 12a and b, respectively. In general, as the water content increases, the 4 
permeability increases while the corresponding P-wave velocity decreases. When the water content is 5 
lower than 1% and the microwave power is lower than 4 kW, the permeability and the P-wave velocity 6 
remain unchanged because limited pores and fractures have been generated by microwave irradiation. 7 
Further increase in the microwave power starts to enlarge the permeability and reduce the P-wave velocity. 8 
For the cases of water contents ranging from 3 to 6% by mass, the permeability and the P-wave velocity 9 
vary significantly at accelerating rates. This could be attributed to the enlargement, interconnection, and 10 
integration of pores and the generation of fractures induced by microwave irradiation. When the water 11 
content is 6% and the microwave power reaches 10 kW, the P-wave velocity decreases to zero because the 12 
growing fractures cut off the propagation of the acoustic wave. Here, the microwave power at which the 13 
P-wave velocity disappears is defined as the cut off power. This power indicates the capacity of microwave 14 
fracturing. It can be seen from Figure 12 that the cut off power decreases with the water content (6~15%), 15 
indicating that the water content dominates microwave fracturing and reduces energy consumption. When 16 
the water content ranges from 10 to 15%, the permeability increases, showing a peak at 8 kW followed by a 17 
decline, which suggests the optimum power of 8 kW for coal fracturing. This phenomenon will be explained 18 
in the next section. 19 
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   1 
Figure 12. Variations in the permeability and the P-wave velocity of the water-saturated coals with 2 
microwave irradiation. 3 
4.2.3. Fracture Distribution.  4 
An industrial X-ray computed tomography (CT) scanner was applied to quantitatively evaluate 5 
variations in the fracture distribution and visualization of coals with microwave irradiation. The scatter 6 
diagram of fracture distribution of the raw coal is presented in Figure 13a, where the x, y coordinates refer 7 
to the fracture volume and fracture number, respectively. Here, an opening extending along a plane with 8 
aperture difference smaller than 20% is regarded as a single fracture. Obviously, the fracture distribution is 9 
skewed trumpet-shaped, indicating that the major fractures are composed of branch microfractures, which 10 
are predominant in the raw coal. For better analysis, the number statistics of fractures with respect to the 11 
fracture volume was conducted, as illustrated in Figure 13b (e.g. the point at 0.02 mm3 represents the 12 
number of fractures range from 0.01 mm3 to 0.02 mm3). As the fracture volume increases, the fracture 13 
number generally decreases, and three peak values (i.e. P1, P2, and P3) appear at 0.004 mm
3, 0.02 mm3, and 14 
0.2 mm3. The 3D reconstruction of the coal generated from the X-ray CT consists of gray scale pixels, as 15 
shown in Figure 13c. Minerals have a higher density than the coal matrix and thus appear as bright white 16 
particles. On the contrary, the natural fractures with different apertures appear as colored lines because of 17 
the low density. It can be seen that most fractures in the raw coal are mineral occluded, heterogeneously 18 
distributed with poor connectivity. Mineral occlusions have the potential to block fluid-flow pathways, 19 
reducing coal permeability. 20 
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 1 
Figure 13. Fracture distribution and visualization of the raw coal. 2 
Figure 14 shows the progressive changes in the fracture statistics of the centrifuged and 3 
water-saturated coals with microwave irradiation. For the centrifuged coal (Figure 14a), the bound water is 4 
predominant while the free water is limited. On the one hand, the interaction of the bound water with the 5 
microwaves has significant effect on the pore structure, but it exerts little effect on the fracture system. As 6 
a result, the global fracture distribution is slightly affected. On the other hand, the mineral particles 7 
bounded in the microfractures are first heated and then detached under microwave irradiation. As a result, 8 
the mineral-occluded fractures which volume ranges from 0.004 to 0.006 mm3 are dredged, extended, and 9 
increased in volume with increasing microwave power. When the water content is 1% (Figure 14b), mineral 10 
erosion continues within 0.004~0.006 mm3, and a new peak (P4) emerges between 1 and 10 mm
3. At this 11 
stage, the water has penetrated into the major factures which volume is greater than 1 mm3. The 12 
interaction of the free water with the microwave enlarges the aperture, length, and volume of the fractures. 13 
With further penetration of water (3%), P4 increases and develops towards larger volumes. This indicates 14 
that larger factures with volume greater than 10 mm3 have been created. With additional water 15 
penetration (6%), P3 increases sharply while P4 increases slightly. The fractures continue to widen and 16 
propagate deeper into the coal to connect to each other. At this stage, a fracture network has been 17 
generated throughout the coal core. As the water content proceed to increase (10 and 15%), the effect of 18 
microwave irradiation on the water becomes more and more significantly. As a result, P2 (0.004 mm
3) and 19 
P1 (0.02 mm
3) grow successively. Well-connected and non-mineralized fractures with larger volume 20 
distribution ranges have been generated. 21 
The differential heating of microwaves creates a thermal gradient between the host matrix and the 22 
heated phase, which in turn induces inhomogeneous thermal expansion, thermal stresses, and fractures.36 23 
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As the microwave power increases, the thermal gradient enlarges. Therefore, more fractures with larger 1 
apertures and lengths would be formed. However, once the power reaches 8 kW and the water content 2 
reaches 6%, the heat conduction is enhanced to equalize the thermal field within the coal, which can be 3 
used to explain the permeability reduction as shown in Figure 12a. These findings are in good agreement 4 
with those reported by Kumar et al.40 It has been stated that the dielectric property of coal increases with 5 
increasing water content.65, 66 At the same microwave power, higher water content strengthens differential 6 
heating and, as a result, creates more fractures. 7 
 8 
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Figure 14. Variations in the fracture distribution of the centrifuged and water-saturated coals with 1 
microwave irradiation. 2 
5. POTENTIAL APPLICATION 3 
Microwave heating has been studied for many years in the petroleum industry.67 The main purpose in 4 
the practice is to heat the reservoir by an antenna or an induction coil inserted into the injector. As the 5 
reservoir temperature increases, oil viscosity reduces and starts to flow towards the production well.68 In 6 
1986, microwave heating was first implemented in the Wildmere Field, Alberta to increase the heavy oil 7 
production.69 After applying microwave heating, the production rate was increased from 0.95 tonnes/day 8 
to 3.18 tonnes/day. Borrowing from these studies, we can conclude that microwave irradiation through 9 
antennae can be a suitable method for coal bed degassing.  10 
As shown in Figure 15, the system consists of: 11 
o a CBM well, which is designed to host microwave apparatus and a CBM extraction tube; 12 
o microwave apparatus including a microwave generator, a waveguide to coax transition, rectangular 13 
and coaxial waveguides, and an antenna, and 14 
o a Teflon tube, which is a microwave-transparent structure interposed to safeguard the well. 15 
Once combined with hydraulic technologies such as hydro-fracturing, -flushing, and -slotting, 16 
microwave can heat the residual water in the fractures. On the one hand, gas migration channels (i.e. pores 17 
and fractures) will be enlarged, opened, and interconnected. On the other hand, methane desorption can 18 
be enhanced due to the effects of warming and dewatering caused by microwave irradiation. As a result, 19 
the CBM production will be greatly enhanced. 20 
 21 
Figure 15. Conceptual design of a CBM production well with microwave irradiation.38, 70 22 
6. CONCLUSIONS 23 
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This paper evaluated the evolution of coal petrophysical properties under microwave irradiation 1 
stimulation with different water contents ranging from 1 to 15%. A series of experiments were conducted 2 
on a bituminous coal through a suite of integrated diagnostic techniques including Nuclear Magnetic 3 
Resonance (NMR) and X-ray Computed Tomography (X-CT).  4 
The mineral removal and moisture evaporation due to the microwave selective heating lead to pore 5 
enlargement, opening, and interconnection. The total porosity increases linearly with the microwave power 6 
while grows exponentially with respect to water contents. The increase in the water content affects the 7 
pore distribution by enlarging the proportion of mesopores and macropores and pore connectivity. The 8 
differential heating of microwaves creates a thermal gradient, which in turn induces inhomogeneous 9 
thermal expansion, thermal stresses, and fractures. The microwave power creates fractures by enlarging 10 
the thermal gradient, and the water content affect fractures by increasing the dielectric property. As a 11 
result, the permeability increases, while the P-wave velocity decreases. 12 
The significant enhancement of coal permeability and pore fracture structure indicates that the 13 
microwave irradiation is effective in improving gas productivity thus has the potential to become a new 14 
CBM reservoir simulation technology. 15 
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